Determination of the Pulse Shape of Picosecond Light Pulse with Nonlinear Absorbers by Wiedmann, J. & Penzkofer, Alfons
DETERMINATION OF THE SHAPE AND DURATION OF PICOSECOND 
LIGHT PULSES BY BLEACHING OF DYES 
J. WIEDMANN and A. PENZKOFER 
Fachbereich Physik der Universität Regensburg, 
8400 Regensburg, Germany 
Received 6 March 1979 
A new method is developed to measure the shape and duration of picosecond light pulses in a single shot. A pump and 
probe technique in a dye sample is applied. Single picosecond light pulses at different frequencies were analysed with vari-
ous absorbers. Asymmetric pulse shapes with leading edges steeper than the trailing edges were observed. 
1. Introduction 
The knowledge of the duration and shape of pico-
second light pulses is essential in time resolved pico-
second studies. Various techniques for the measure-
ment of picosecond pulse durations are summarized 
in recent reviews [1,2,3]. The most widely used 
methods are the two-photon-fluorescence technique 
(TPF) [4], the non-collinearly phasematched second 
harmonic generation (SHG) [5], the Kerr shutter 
technique [6], and streak camera measurements [7]. 
Autocorrelation measurements with TPF, SHG and 
Kerr shutter method give no information on the sym-
metry of the pulse shape. Streak cameras with high 
temporal resolution may be used for pulse shape de-
terminations. A few measurements of the time pro-
file of picosecond light pulses applying different tech-
niques have been reported [8—12]. 
In this paper we describe a new pump and probe 
technique which applies bleaching dyes and gives the 
temporal shape and duration of single picosecond 
light pulses in single shots. 
2. Theory 
The basic principle of the new technique is sche-
matically shown in fig. 1. An intense pump pulse ap-




Fig. 1. Basic principle of pulse shape measurement. An in-
tense pump pulse bleaches the absorber in the cell. The probe 
beam interrogates with the travelling transmission front in 
the sample. The spatial derivative dT^/bx of the time inte-
grated transmission of the probe pulse is proportional to the 
incident time shape of the probe beam. 
the dye. An excitation front is built up and travels ap-
proximately with ligh velocity through the dye sam-
ple. The excitation causes an increase in transmission. 
An expanded probe beam is passed perpendicular to 
the pump pulse through the sample and interrogates 
with the transmission front. In the overlapping range 
the transmission of the probe beam changes from 
strong absorption at the right to small absorption at 
the left hand side. The derivative of the time-integrated 
probe beam transmission r E (x) with respect to the 
propagation direction x of the pump beam (dT^/dx) 
represents the temporal shape of the probe beam as 
will be shown below. 
The pump beam excites molecules along its path. 
We approximate the population difference - N2 by 
Nx(x - tc/n) -N2(x - tc/ri) 
= AN + (N - AN)®(x - tc/n), (1) 
N± and N2 are the density of dye molecules in the 
ground state and excited state, respectively. N = N^ + 
N2 is the total density of molecules. AN is the residual 
population difference after the pump pulse has passed. 
0 is the step function 
[0 for x - tc/n < 0 
e(x-tc/n)= ' (2) 
(1 for x - tc/n > 0 
The situation is depicted in fig. 2a. 
Assuming a constant intensity distribution of the 
pump beam across the width d of the dye sample one 
finds the following expression for the transverse 
transmission through the cell 
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Fig. 2. Schematic representation of the relevant steps in 
pulse measurement, (a) Build-up of population difference in 
the sample caused by the pump pulse, (b) Change of intensi-
ty transmission transverse to the direction of the pump pulse, 
(c) Time integrated transmission Tj?(x) of the probe pulse 
along the propagation direction of the pump beam, (d) Tem-
poral shape of probe pulse determined by dTj^Jdx. 
o denotes the absorption cross-section of the dye. 
TQ = exp[—Nod] is the initial transmission, TE = 
exp[—ANod] represents the transmission of the 
bleached dye. The transmission is illustrated in fig. 2b. 
The transverse probe pulse is expanded and focused 
with a cylindrical lens to the path of the pump beam. 
Along the cell length the probe profile should be con-
stant, i.e. I(t - zn/c, x) = I(t - zn/c). The incident 
intensity of the probe pulse is attenuated to a low 
value so that it does not change the population pro-
file generated by the pump beam. 
The time integrated transmission of the transverse 
beam through the sample is given by 
oo / oo 
rE(*)= / I(t')T(x-tc/n)dt'/f I(t')dt'. (5) 
I(t') is the intensity of the incident probe beam (z = 
0). The thickness d of the sample is neglected in eq. 
(5). The path lengths of the pump and probe pulse 
are adjusted that the peak of the probe pulse overlaps 
at XQ with the transmission front. The time scales t 
and tf are therefore related by t - t' + x^n/c and one 
finds (see fig. 2c) 
TE(x) = -~J I(t') Te(T0/Ter(x-xo-t'c/n) dt' 
1 r v (x-x0)n/c 
I(t')&t' 
+ r e / . (6) 
(x-x0)n/c 
The abbreviation = fZoo I(t')dt' was used in eq. 
(6). The derivative of TE(x) after x leads to 
<>TE (Te-T0)n /(x-x0)n j(x - xQ)n j bx Emc \ c 
The final result is (see fig. 2d) 
Emc bTv 
lit =(x-Xo)n/c) = - ( T e _ T o ) n - ^ 
(7) 
(8) 
In the calculations presented above several approx-
imations were used which are analysed now. 
(i) The pump pulse does not generate an exact step 
function in the population difference and in the 
transverse transmission. In fig. 3 a real situation is 
considered. The population difference versus time is 
calculated at the entrance (x = 0) and inside the sam-
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Fig. 3. Population differences and transverse transmission 
caused by a pump pulse in a dye sample at entrance (x = 0) 
and inside (x = 5.6 mm). Pump pulse parameters: peak in-
tensity, I0 = 4 X 10 1 0 W/cm2; shape, gaussian 7"L = 
IQ exp[-(f/f0)2], duration = 4 ps (fwhm). Dye: 10"4 M 
rhodamine 6G in ethanol. For the various parameters of the 
dye used in the calculation of the curves in (a) and (c) see 
refs. [13] and [14]. In (b) and (d) a small signal transmis-
sion of T0 = 0.2 is assumed, corresponding to a transverse cell 
dimension of d « 0.6 mm. 
pie (x = 5.6 mm). A gaussian pulse with peak intensity 
7 0 = 4 X 1 0 1 0 W/cm 2 and duration AtL = 4 ps (fwhm) 
is assumed to enter the cell filled with 1 0 - 4 M rho-
damine 6G in ethanol (for the determination of the 
curves in fig. 3a and 3c see ref. [13]). At a cell thick-
ness of d « 0.6 mm we find a small signal transmis-
sion of T= 0.2. The rise time of the transmission is 
about 1 ps. 
The influence of the finite rise time on the time 
resolution is analysed in fig. 4. The shape of the input 
probe pulse is assumed to be gaussian (I(t')/lQ = 
exP[—(f'Ao)2])* T n e step function in fig. 4a repro-
duces the input pulse shape in fig. 4b (dashed curves). 
For smooth transmission fronts Tthe curves dT^/bx 
become broader than the temporal beam profiles 
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Fig. 4. Influence of transmission front on resolution of pulse 
shape, (a) Transmission profile, (b) Approximation of pulse 
shape by dT-g/dx. Dashed curves, step function (a) reproduces 
exactly the input pulse shape (b). Solid curve of (a) is given 
by eq. (9) and leads to solid curve of (b). Dotted line in (a) 
indicates the transmission determined by the situation of 
fig. 3d. 
r=r e + ( r 0 - r e ) 
X { t a n h [ 4 ( x - x 0 - ^ ) / ( ^ 0 ^ ) ] + (9) 
(r0 = 0.2 and TQ = 0.9). It leads to the solid curve in 
fig. 4b. The broadening of bTE/bx is approximately 
5 per cent compared to the step function. The dotted 
line of fig. 4a corresponds to fig. 3d and describes 
our experimental situation. It is well approximated 
by the solid curve and the finite rise of the transmis-
sion profile may be neglected. 
(ii) The excited molecules relax to the ground 
state with a time constant r. At high pump intensities 
and high dye concentrations the relaxation may be 
enhanced by amplified spontaneous emission [13,14] 
(see faster recovery time of - i* 1 fig* ^ a c o m " 
pared to fig. 3c). The transverse transmission reduces 
with the relaxation of the excited molecules. Dyes 
with relaxation times r > Af L should be used in the 
measurements to avoid changes of T in the bleached 
region within the dureation of the probe beam 
(re(x) = T e ) . The situations depicted in figs. 3b and 
3d fulfill this condition (note r « 4.2 ns for rhoda-
mine 6G in ethanol). 
(iii) The transmission front passes at a speed slight-
ly slower than the light velocity c/n through the sam-
ple. The leading part of the pump pulse is absorbed 
until the molecules are excited. Figs. 3b and d show 
that the transmission front delays by about 2 ps over 
a distance of about 5 mm. The velocity of the trans-
mission front is approximately v « 0.9 c/n. In eq. (8), 
I(t'=(x - Xq)n/c) should be corrected by I(t' = 
(X-~XQ)/V) « / ( f ' = 1 .1 (X-JC 0 )« /C) . The pulses are 
about 10% longer than indicated by the original form 
ofeq. (8). 
(iv) The measured pulse shape is averaged over the 
duration which the light needs to traverse the smaller 
of either the sample thickness of the pump beam 
diameter. The transverse dimension d determines the 
time resolution. For a thickness d we calculate a con-
volution time tc « dn/c, and the pulse duration is ap-
proximately given*by A f L « (Af* - fy1/2. Atm is the 
pulse duration measured by use of eq. (8). In most of 
our measurements we used d ~ 0.4 mm which im-
plies tc « 2 ps. Under our conditions the broadening 
of the pulse Shape by finite sample width is compen-
sated by the reduced propagation velocity of the 
transmission front. Good results were obtained by 
using the uncorrected form of eq. (8). 
3. Experimental system 
The experiments were carried out with a mode-
locked Nd-phosphate glass laser system [15]. The 
mode-locking dye Eastman Nr. 9860 was used in a 
contacted dye cell. Single pulses were selected by use 
of an electro-optical shutter. The separated pulses 
were increased in energy with an amplifier. The ener-
gy of a single pulse behind the amplifier was approx-
imately 5 mJ. Light pulses at the fundamental fre-
quency ( X L = 1055 nm), the second and the forth 
harmonic were investigated. The set-up for the pulse 
shape measurements is shown in fig. 5. A beam split-
ter BS separates the probe beam. The main beam 
serves as pump pulse. It is focused with lens L I and 
its intensity at the sample was approximately 4 X 
1010 w/cm2. The beam diameter was ^0.4 mm. A 
glass block in the absorber cell reduce the thickness 
L2 L3 LA 
Fig. 5. Experimental set-up. BS, beam splitter; LI, lens (/ = 
800 mm in most experiments); S, cell with absorber, F l , filter 
to attenuate probe beam; L2 and L3, beam expander (magni-
fication 8 in most cases); L4, cylindrical lens; F2, filter to 
discriminate fluorescence light; OS A, optical spectrum anal-
yser. 
Table 1 
Laser Absorber Solvent Concentration Absorption cross- Recovery Ref. 






4 X 10"4 1 X 10"16 1 [17] 




ethanol 1 X 10"4 4.2 X 10"16 4.2 [14] 
352 Dimethyl 
POPOP 
cyclohexane 1.5 X 10"4 1.8 X 10"16 1.5 [20] 
264 9,10-dimethyl-
anthracene 
cyclohexane 1 X 10"4 2.8 X 10"16 6.1 [21,22] 
of the dye solution to ca. 0.7 mm. The length of the 
cell was 2 cm. Proper dye solutions were selected for 
the various wavelengths of the light pulses (see table 
1). The probe beam was attenuated with filters and 
expanded by an inverted telescope (lenses L2 and L3), 
The cylindrical lens L4 formed a line focus along the 
path of the pump beam. The path lengths of the 
pump and probe pulses were adjusted for temporal 
coincidence in the sample. The transmitted probe 
light was detected with a vidicon and processed with 
an optical spectrum analyser. Fluorescence light was 
filtered off with filters F2. The OS A data were trans-
ferred to a computer, where the data were corrected 
for variations of the incident probe beam across the 
sample length and the curves were smoothed [16], 
and differentiated. 
4. Results 
Pulse shape measurements were performed for var-
ious laser frequencies. The laser wavelengths and the 
applied dye solutions are listed in table 1. 
(i) X = 1.055 jum. The pulse shapes at the funda-
mental frequency of the Nd-glass laser were measured 
with the transition metal complex bis-(4-dimethyl-
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Fig. 6. Examples of measured pulse shapes, (a) Picosecond 
light pulses at \ = 1.055 urn. Solid curve, unmodified pulse; 
A ? L = 5.5 ps. Dashed curve, pulse shortened with saturable 
absorber; A ^ L = 3 . 2 ps. (b) Light pulses at \ = 526.5 nm. 
Solid curve, unchanged pulse; A ? L = 4.8 ps. Dashed curve, 
pulse steepened by passage through rhodamine 6 G solution; 
A ^ L = 3.8 ps. (c) Picosecond pulse at \ = 264 nm. A ? L = 3.6 
ps. 
aminodithiobenzil)nickel (Eastman dye Nr. 14015) 
[17]. A typical pulse shape is shown by the solid 
curve in fig. 6a. Its duration is A r L = 5.5 ps. The 
shape is asymmetric; the leading edge is steeper than 
the trailing edge. This finding is in agreement with 
refs. [8] and [12]. The asymmetry is assumed to be 
due to the finite recovery time of the mode-locking 
dye. The pulse shape may be approximately fitted with 
a leading gaussian and a trailing secant hyperbolic 
7(0 = 70{ (1 - 0(0) exp [-(rA0)2] + 0(O/cosh2 [t/ 
(nt0)]} with K = 1.6 ± 0.2 (pulse duration AtL = 
(0.83 + 0.88 K)t0). The dashed curve in fig. 6a shows 
a probe pulse which was shortened by passing the 
probe beam through a saturable absorber (Eastman 
dye Nr. 9860 with small signal transmission TQ = 
10~ 7 , input intensity 6 X 10 9 W/cm 2). The pulse is 
shortened in good agreement with previous studies 
[18]. The pulse duration is AtL = 3.2 ps. The steep 
rise of the pulse indicates a high time resolution. 
Pulse shape measurements with the saturable ab-
sorber Eastman Nr. 9860 [19] are possible but care 
has to be taken because of the fast recovery time 
(r « 9 ps). 
(ii) X = 527.5 nm. The dye rhodamine 6G was used 
at the second harmonic of the laser. In fig. 6b two 
temporal pulse profiles are shown. The solid curve 
shows the pulse shape of an unmodified second har-
monic pulse. Its shape is similar to the solid curve of 
fig. 6a. The duration is AtL = 4.8 ps. The dashed 
curve was obtained by focussing the probe beam 
through a rhodamine 6G sample before entering the 
beam expander. The steepening of the leading edge 
should be noted. 
(iii) X = 352 nm. The dye dimethyl POPOP dis-
solved in cyclohexane may be used for pulse shape 
measurements at the third harmonic of the laser. It 
could be bleached with intense light pulses at X = 
352 nm. 
(iv) X = 264 nm. The pulse shapes at the fourth 
harmonic were investigated with 9,10-dimethyl an-
thracene dissolved in cyclohexane. Care has to be 
taken of two photon absorption of the solvent at 
high pump power intensities. Fig. 6c shows an exam-
ple of the measured pulse shape. The duration is 
AtL = 3.6 ps. 
It should be noted that at this wavelength in the 
ultraviolet the conventional techniques of TPF and 
SHG are not applicable. 
I l l 
5. Conclusions 
The described method allows the determination 
of the temporal pulse profile to a high accuracy. The 
time resolution of the systerh may be adjusted to the 
duration of the probe pulse, i.e. for long probe pulses 
the beam diameter of the pump beam and the cell 
thickness may be increased and the dye concentration 
reduced. On the other hand, for short probe pulses 
small pump beam diameter and high dye concentra-
tion may be used. The probe beam may have weak 
energy content since sensitive vidicon detectors are 
available. The frequencies of the measured probe 
beam and the exciting pump beam may be different. 
The probe laser frequency should only be within the 
absorption band of the dye. The technique may be 
extended by monitoring the excited state absorption 
of the probe beam of convenient frequency after ex-
citing the system with a pump beam. 
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